-INTRODUCTION
Occupational exposure to some forms of silica is associated with silicosis and other respiratory pathologies. The International Agency for Research on Cancer [1] has classified quartz and cristobalite as carcinogenic to humans (Group 1) on the basis of sufficient evidence for carcinogenic effects in experimental animals and in humans. Because of the limited epidemiological and experimental data available, amorphous diatomaceous earth silica has not been classifiable for its carcinogenicity (Group 3).
The mechanisms of silica-induced carcinogenesis remain only partially understood, even if the IARC classification was based mainly on the crystallinity. Dimension, crystallinity, solubility and biopersistence are all parameters that could influence the toxicity of silica [2] . Another parameter thought to be involved is the production of reactive oxygen or nitrogen species (ROS, RNS) [1] , [3] and [4] .
Several in vitro studies on genotoxic effects have focused on quartz particles [5] and [6] but little data is available regarding the effects of natural amorphous silica such as diatomaceous earth. In previous studies [2] and [7] , crystalline silica was found to be cytotoxic and it also induced morphological transformation of Syrian hamster embryo (SHE) cells, which further acquired tumorigenic properties, whereas amorphous silica did not.
The assessment of silica hazard and of their carcinogenic potential is often based on long-term in vivo studies as for other chemicals. But in order to limit animal use, analyses are now often conducted with in vitro tests. Generally, these assays look at the cytotoxicity, the mutagenicity, the inflammatory response and the genotoxicity [8] , [9] and [10] . Few studies use the in vitro cell transformation assays (CTA) for determine this carcinogenic potential, whereas these assays are useful to evaluate all carcinogens (genotoxic and non genotoxic) as demonstrated by the OECD detail review paper [11] . For the SHE CTA, more than 200 chemicals have been tested and meta-analysis of the results show a sensitivity of 92%, a specificity of 66%, a positive predictivity of 88%, a negative predictivity of 75% and a concordance of 85%. The SHE CTA is a useful alternative to animal experimentation for the detection of carcinogenic chemicals and could be a useful in vitro predictive tool since the only carcinogenicity test accepted by authorities so far is the in vivo two-year bioassay.
A recent study, conducted by Benigni, et al. [12] , has shown the benefit of the Syrian hamster embryo cells transformation assay to efficiently identify carcinogens and especially those that are nongenotoxic. Similarly, no study has determined in the same cellular model the genotoxic and transforming effects of silica particles.
The purpose of this work was to determine whether the capacity of natural silica materials to transform SHE cells were linked to their ability to induce micronucleus formation and DNA damage in SHE and V79 cells. By this mean, we have also looked at the benefit that the SHE CTA could present for the evaluation of silica hazard. Silica materials of different crystallinity were used to test this hypothesis: a quartz silica (Min-U-Sil 5), an amorphous diatomaceous earth (DE) and its calcination product (Chd), partially crystallized into cristobalite form as a consequence of flux calcinations. Occupational exposure to these particles may occur during extraction or processing of the native material (DE, Min-U-Sil), and commercial use (Chd) in industry as a filtration agent, abrasive or adsorbent material [1] .
An asbestos sample (chrysotile) with transforming potential [13] was also selected as a reference particulate sample for this study.
-MATERIAL AND METHODS

-Materials
The materials investigated (described in Table 1 ) comprised: (i) an amorphous biogenic diatomaceous earth (DE), which is the source of (ii) a commercial dust, industrially prepared by flux calcination of the DE at high temperature to yield a partially crystallized cristobalite (Chd); (iii) Min-U-Sil 5 quartz, the most widely investigated silica in in vitro and in vivo studies [1] ; and (iv) a chrysotile asbestos sample provided by J. Fournier (Laboratoire de Réactivité de surface, Jussieux, France), originally obtained from UICC A (International Union against Cancer, South Africa ), which was used as a positive control in the SHE cell transformation assay
-Physicochemical characterisation of the materials
The degree of crystallinity was determined by X-ray diffractometry (Philips diffractometer, Philips Electronics, The Netherlands). Impurities were analysed by inductively coupled plasma (ICP) spectrometry (Spectro Ciros CCD, Germany) ( Table 1) . Particle size distribution was measured by SEM (JEOL 840A, Japan) ( Table 2 ).
-Cell culture
Syrian hamster embryo (SHE) cell cultures were established from individual 13-day gestation foetuses (inbred colony, INRS, France). All of the experiments involving animals were performed in the INRS laboratory animal facility approved by the French Ministry of Agriculture, according to the French regulations regarding the protection of animals used for experimental and other scientific purposes and the INRS ethical policy. The culture medium used was Dulbecco's MEM (DMEM; Invitrogen, France), pH 7, supplemented with 20% preselected fetal calf serum (Dutscher, France) and 2 mM L-glutamine (Invitrogen, France) without antibiotics.
Cells were incubated at 37°C and 10% CO 2 . Cryopreserved primary cultures were selected for cell growth, cloning efficiency, and spontaneous and induced morphological transformation. The primary and secondary cultures used in this study were from a batch that yielded results consistent with the historical laboratory data.
V79 cells (lung fibroblast from Chinese hamster, ATCC, USA, reference CCL-93) were selected for this study as they are one of the cell models recommended in OCDE guideline n° 487 for use in the in vitro micronucleus assay. Cells were grown in Dulbecco's MEM (DMEM; Invitrogen, France), supplemented with 10% fetal calf serum (Dutscher, France) and 0.5% Penicillin/Streptomycin (5000 U-5000 µg/mL, Invitrogen, France). Cells were incubated at 37°C and 10% CO 2 , as recommended by the supplier for optimal culture with our medium.
-Cell proliferation
Cells (30,000 SHE cells/ml or 20,000 V79 cells/mL) were cultured for 24 h at 37°C and 10% CO 2 
-SHE cloning efficiency and transformation assay.
The assay was performed as described previously [7] and [14] . X-irradiated SHE feeder cells were seeded at After 7 days of incubation at 37°C, 10% CO 2 , dishes were washed (HBSS, Invitrogen) and colonies were fixed (absolute methanol) and stained (10% Giemsa). Colonies were counted and examined for morphological transformation with a stereomicroscope (Wild, Germany) (for photograph examples see [15] ). Ten cell cultures were used per treatment concentration and control. For each treatment concentration and control in an individual assay, the following were scored: (i) total colony number; (ii) cloning efficiency (CE) = (total colony number/total target cell number seeded) x 100; (iii) relative plating efficiency (RPE) = (CE of treated cells/CE of the control) x 100; (iv) number of morphologically transformed colonies; and (v) transformation frequency (TF) = (the number of transformed colonies/total number of colonies) x 100.
The mean CE of the control cultures was 23.71% (n = 16). Only one spontaneous transformed colony was recorded in one of a total of 16 experiments. For each treatment concentration, data reported the pooled results from a minimum of three individual assays. TF was compared to the control using the Chi-squared test.
-Comet assay
Cell membrane integrity was verified just before comet experiments using the trypan blue exclusion method (data not shown).
The Fpg-modified comet assay was used to evaluate DNA damage. This test uses the Fpg enzyme (formamido pyrimidine DNA glycoylase), a glycosylase that recognizes and cuts the modified bases, in particular at 8-oxoguanine sites, producing apurinic that are converted into breaks by the associated AP-endonuclease activity.
These breaks can therefore indicate oxidative DNA damage [16] . We followed the procedure of Collins et al.
[17], with minor modifications. The concentrations tested ranged from 2.9 to 11.4 µg/cm 2 for the asbestos and Images of 100 randomly selected comets were analysed from each sample, using specific image analyser software (Comet assay IV, Perceptive Instruments, United Kingdom). Experiments were repeated three times.
Data were expressed as the mean of the medians of the tail DNA ± SEM, and statistical analyses were performed on the mean values using a multiple comparison method one-way ANOVA (Fisher least significant difference (LSD)) with Statgraphics Centurion software (Statpoint Technologies, USA). The p < 0.05 level was considered to be statistically significant.
-Micronucleus assay.
For the micronucleus assay, 2.5 x 10 4 cells (SHE or V79) were seeded in Labtek ® slides (Nunc A/S, Denmark) with 1 mL of culture medium. After 24h, they were treated with 1 mL of sample preparation for 24h.
Concentrations ranged from 2.9 to 11.4 µg/cm 2 for the asbestos and from 11.4 to 54. 
3-RESULTS
-Physicochemical characterisation of the materials:
Chemical compositions and sample impurities are presented in Table 1 . Amorphous silica DE contained 1.3 % iron. The heated DE (Chd) was partially crystallized (47% cristobalite) and contained 1.9 % iron by mass. The Min-U-Sil quartz (100% crystallized) contained 0.05 % iron and 0.16 % aluminium.
Both DE and Min-U-Sil samples both presented homogeneous size distributions ( Table 2 ). The Chd silica was heterogeneous, with 68.9 % of particles having a diameter of less than 5 µm and 31.1 % with a diameter greater than 5 µm.
Our chrysotile sample was composed of very small fibres (96.1 % L/D >3, L<5 µm).
-Cell proliferation:
The cell proliferation data for SHE and V79 cells are presented in Figures 1A and 1B, respectively. Cells were counted 24 hours after treatment.
In SHE cells, the following concentrations yielded 50% reductions in cell count: 8.2 µg/cm 2 for chrysotile, 65.7 µg/cm 2 for Chd and 68.7 µg/cm 2 for DE. At the highest Min-U-Sil concentration (80 µg/cm 2 ) the cell count was 58% of the control. As expected, the asbestos was more cytotoxic than any of the silica. Min-U-Sil was the least cytotoxic silica tested.
Sample toxicity can be ranked as follows: Chrysotile >> Chd ≥ DE > Min-U-Sil.
In V79 cells, a 50% decrease in cell count was recorded at a concentration of 60.1 µg/cm 2 for silica DE. At the highest dose (90.4 µg/cm 2 ) the cell counts were at 72 % of the control for Chd silica and 64.6 % for Min-U-Sil. 11.4 µg/cm 2 of chrysotile gave a cell count that was 55 % of the control. The sample toxicity in V79 cells can be ranked as follows:
Chrysotile >> DE >> Min-U-Sil > Chd.
-Relative plating efficiency (RPE) and transformation frequency (TF) of SHE cells:
The relative plating efficiency and TF induced by the different silica and chrysotile are reported in Table 3 .
The silica samples significantly reduced the RPE but the cytotoxic potency of each type of silica varied: DE > Chd> Min-U-Sil. Amorphous DE induced no morphological transformation (except for 3 colonies in one experiment at 15.24 µg/cm 2 ), while a concentration-dependent increase in TF was induced by the two other silica samples. As reported previously [2] and [7] , Min-U-Sil did not express any cytotoxicity in concentrations up to 30.48 µg/cm 2 but did induce morphological transformation in a dose-dependent manner.
The partially crystallised Chd was slightly cytotoxic and also induced transformation in a dose-dependent manner.
The chrysotile was more cytotoxic and more transforming than silica and the effects were dose-dependent.
-Micronuclei (MN) assessment:
In order to detect the potential genotoxic effects of samples, induction of MN in the SHE and V79 cells was assessed after 24 h of treatment (~1.3 cell-division cycles for SHE and ~1.7 cell-division cycles for V79). In V79 cells ( Figure 2B ), the DE and chrysotile induced a significant increase in the number of micronucleated cells at the two highest concentrations and a concentrationdependent relationship is apparent. In contrast, the Chd and Min-U-Sil had no effect.
-Comet assay:
Cell membrane integrity, as evaluated by the trypan blue exclusion method (data not After 24 h of treatment ( Figure 3B ), a significant increase in DNA strand breaks was observed at 11.4 µg/cm 2 chrysotile without Fpg treatment in SHE cells. At concentrations up to 45.7 µg/cm 2 , none of the silica samples were able to induce a significant increase in DNA strand breaks, with or without Fpg.
In V79 cells (Figure 4 ), only the amorphous silica DE induced a significant increase in DNA breaks at the highest concentration (45.7 µg/cm 2 ) without Fpg, after 24h of treatment ( Figure 4B ).
-DISCUSSION
Crystallized silica and asbestos have both been classified as carcinogenic to humans (Group 1) by the International Agency for Research on Cancer. This classification was based on evidence obtained from both animal models and epidemiological studies [1] . Due to limited data, amorphous silica could not be classified. One of hypothesis put forward to explain the carcinogenic potential of fibres and particles is the involvement of reactive oxygen species (ROS). We have previously shown that both crystallized silica (Chd and Min-U-Sil 5) and chrysotile asbestos are able to generate ROS. The reactivity of these samples in releasing  OH radicals correlated to their transforming ability, whereas amorphous silica DE was unable to generate ROS and did not show any transforming capacity [13] and [18] . Some other works have shown genotoxic effects, but no link to the carcinogenicity of these products has been made [5] , [6] and [19] .
The SHE cell transformation assay, which uses primary cell cultures of individual Syrian hamster embryos, is an in vitro assay that predicts carcinogenicity of chemicals using morphological transformation as an end-point. This transformation is characterised by disorganised growth patterns (criss-cross, high nuclear to cytoplasmic ratio, randomly oriented colony growth). Strong concordance has been reported between morphological changes in SHE colonies upon chemical treatment and results from carcinogenicity studies in animals [11] and [20] . This test present the advantage to be able to detect not only genotoxic carcinogens but also non-genotoxic carcinogens that often escape to in vitro tests conventionally used. As meaning, SHE CTA is very useful for hazard assessment of chemicals.
In the present work, we have shown that crystallized silica (Chd and Min-U-Sil) was able to induce transformed SHE colonies in a dose-dependent manner after seven days of treatment. Our results are in agreement with previous transformation studies on quartz [18] , [21] , [22] , [23] and [24] . Hesterberg and Barrett [21] showed that two quartz samples induced a concentration-dependent increase in TF, and both of these samples were less potent than asbestos fibres. In our study, concentrations of 3.8 to 15.2 µg/cm 2 induced similar TF (0.24-0.71%) to that shown by Hesterberg and Barrett [21] , and the crystallized silica was again found to be less potent than the asbestos (0. Numerous studies have validated the comet assay as a sensitive method for quantifying DNA breakage and for evaluating the genotoxic potential of xenobiotics [25] and [26] . The comet assay was first used to detect the ability of chemicals to generate singlestrand and/or double-strand breaks in the DNA [27] , but DNA breaks can also result from repair of some DNA lesions [28] and [29] . The comet assay can also be modified, as we made in this study, in order to allow the specific detection of damaged DNA resulting from base modification, and mainly from base oxidation, by including an enzymatic treatment step [30] and [31] .
The in vitro micronucleus assay visualizes, in interphase cells, micronuclei induced by chromosome breakage events (clastogenic effects) or chromosome losses (aneugenic effects) that occur in anaphase during nuclear division [32] . The comet assay and the micronucleus assay are thus complementary tests.
With crystalline silica, no effect was observed in the comet or in the micronucleus assay in either cell type. Our results differ from those published before where the sample concentrations used were fairly high. Indeed, Nagalakshmi et al. [10] showed that 24h treatment with Min-U-Sil followed by 18-20h treatment with cytochalasin B (CyB) induced an increase in MN frequency from concentrations of 40 µg/cm 2 in V79 cells and from 160 µg/cm 2 in Hel299 cells. In a later study made by the same group, Min-U-Sil at 137.9µg/cm 2 induced a significant increase in MN frequency in V79 in the absence of CyB treatment but with a high cytotoxicity [6] .
We chose not to use concentrations above 55µg/cm 2 , firstly to avoid high cytotoxicity that could interfere with the genotoxicity assay, and secondly because concentrations below 30.4µg/cm 2 were able to induce transformed colonies in the SHE cell transformation assay.
Taken together, our micronucleus results and data published before suggest that crystalline silica genotoxicity is probably discreet.
With regards to natural amorphous silica materials, these have been evaluated as nonfibrogenic and unlikely to be carcinogenic [1] . In the present work, and as expected [18] , the DE was unable to induce transformed colonies (except for three colonies in one experiment).
However and surprisingly, the DE silica was the only sample able to induce DNA strand breaks and micronucleus in the V79 cells. But no explanation can be given at this stage.
These results show the better sensitivity of V79 cells compared to SHE cells for determining the genotoxic effects. However, as they are immortalized (derived from a spontaneous cell transformation), defective for p53, the V79 cells present altered functions that may lead to "false positive" effects compared to non-immortalized cells. Indeed, the p53 protein, which mediates the cellular response to DNA damage, is involved in cell-cycle regulation, apoptosis and DNA repair [33] . As shown by Chaung, et al. [34] , the V79 p53 sequence contains two mutation points that result in a nonfunctional protein. Conversely, SHE cells are normal diploid cells with no alterations in the cell-cycle pathway [35] and [36] , and SHE cells also contain a normal p53 protein [37] and [38] . The absence of cell transformation and genotoxic effects with DE silica in SHE cells could be explain by effective repair mechanisms of these cells, involving the p53 gene.
As expected, chrysotile asbestos induced micronucleus formation and cell transformation in our experiments. The micronucleus results in SHE and V79 cells were in agreement with those previously published on human mesothelial, SHE or V79 cells [39] , [40] and [41] . In the present study, the chrysotile was able to induce significant DNA damage in SHE cells, but comet assays performed with the Fpg showed that this damage was not of the oxidative type. DNA damage induced by asbestos seemed to be strongly dependent on the cell type used, as it was previously demonstrated by Burmeister et al. [42] , who reported DNA damage in HMC cells but not in MeT-5A with 3 µg/cm 2 of chrysotile. In the same work, the authors were unable to detect any Fpg sensitive sites regardless of the cellular type, thus corroborating our findings. A genotoxic effect from chrysotile has also been previously observed in RPMC cells (Rat pleural mesothelial cells) from 0.5 to 10 µg/cm 2 [43] . Our results with those published before, suggest that these fibres could probably interfere with mitotic spindle and induce a cell cycle arrest as it was shown by Cortez and Machado-Santelli [44] .
Taken together, these results highlight the interest to implement, in a chemical hazard assessment, a cell transformation assay, such as that carried on SHE cells. The in vitro genotoxicity assay, as comet or micronucleus assays, can reveal genotoxic effects in a simple way. Gene mutation assays also provide information about the effects of chemicals and mechanisms that may be involved. But some substances, by their mode of action, may not meet these tests in vitro. This difficulty can be avoided by using an in vitro carcinogenicity assay, as CTA SHE alternative to long and costly animal testing. The screening of molecules could be improved as well.
-CONCLUSION
In conclusion, amorphous silica DE was able to generate both DNA strand breaks and micronuclei but it did not induce cell transformation, whereas crystalline silica induced cell transformation but without genotoxic effect; and chrysotile induced both micronuclei and cell transformation. Taking into account all these results, the mechanisms involved in the carcinogenicity of silica materials and asbestos are probably different.
In this study we have shown that if comet and micronucleus assays are useful tools for evaluating genotoxic potential of fibres and particles, they do not allow us to predict the transforming potential of silica materials and their carcinogenic potential.
To our knowledge, this is the first time that different forms of micrometric natural silica have been compared for their transforming and genotoxic potential. Further studies will be required to explore the mechanisms involved in the induction of the in vitro carcinogenic effects of these samples.
In the meantime, our results point out that the in vitro genotoxicity assays currently used for hazard assessment cannot alone predict the carcinogenic potential of every substance, as our study has shown for silica materials, and they could be advantageously completed by a cell transformation assay. 
